ABSTRACT. Paclitaxel (PTX) is a mitotic inhibitor widely used in chemotherapy for many types of cancers, including solid tumors and hematological malignancies. However, the molecular basis of the antiproliferation activity of PTX is not fully understood. In this paper, we focused on the role of c-Jun N-terminal kinase (JNK) pathways in PTXinduced apoptosis and proliferation inhibition. The effects of PTX were examined in human leukemia cell lines and patients' chronic lymphocytic leukemia (CLL) cells in relation to mitochondrial events, apoptosis, and perturbation of JNK activation using flow cytometry, siRNA, mitochondrial membrane potential determination, and western blotting. Exposure of cells to PTX at concentrations ≥10 nM for 18 or 24 h resulted in a significant release of cytochrome c from mitochondria to the cytosol, cleavages of procaspase 3 and poly (ADP-ribose) polymerase (PARP), and JNK activation, leading to apoptosis. The pan-caspase inhibitor BOC-D-FMK blocked the PTX-induced apoptosis but had no effect on cytochrome c release, suggesting that cytochrome c had been released before caspase activation. Moreover, both pharmacological JNK inhibitors SP600125 and JNK siRNA dramatically blocked PTX-induced apoptosis, cytochrome c release, caspase 3, and PARP cleavage. These findings demonstrate that JNK activation plays a critical role in the induction of apoptosis mediated by PTX in human leukemia cell lines and CLL patient-derived primary cancer cells, and this event is upstream of cytochrome c release, caspase 3, and PARP cleavage.
INTRODUCTION
Paclitaxel (PTX; Figure 1 ) is a taxane that is derived from the bark of the Pacific yew tree Taxus brevifolia and was first shown to have anti-tumor activity in 1971 by Wani et al. PTX may be used alone or in combination with other chemotherapy agents to treat many different types of cancer, including leukemia, lymphoma, and cancers of the head, neck, breast, esophagus, stomach, bladder, prostate, endometrium (uterus), and cervix (Wani et al., 1971; Rowinsky, 1993; Roth, 1995; McGuire et al., 1996; Seidman et al., 1996; Younes et al., 1997; Fountzilas et al., 1999; Kelly et al., 2001; Markman and Fowler, 2004; Chang et al., 2005; Ilson et al., 2007; Ward et al., 2007) . The principal mechanism of its anti-cancer effect is to disrupt microtubule stability, thereby preventing cell growth (Schiff et al., 1979; Horwitz, 1980, 1981; Baum et al., 1981) . Studies have shown that the pharmacological action of PTX is exhibited in both a dose-and time-dependent manner (Kim et al., 2007) . In vitro, different modes of action have been established for PTX according to its concentration (Hernández-Vargas et al., 2007) . Lu et al. (2005) reported that caspase-3-dependent apoptosis induced by PTX was examined in HL-60 leukemia cells, and growth of the treated cells was arrested at the G2/M phase. In another study, Yu et al. (2001) demonstrated that the mitogen-activated protein kinase/mitogen-activated protein kinase (MEK/MAPK) cascade was involved in the anti-cancer activity of PTX. PTX and subsequent exposure of MEK/MAPK inhibitors together induced perturbations in ERK1/2 MAPK and p38 MAPK signaling cascades in U937 leukemia cells (Yu et al., 2001) . However, the molecular mechanisms of taxane-dependent cytotoxicity are not fully understood, especially the action of PTX on the c-Jun N-terminal kinase (JNK)-apoptosis pathway. Furthermore, the effect of PTX on patients' primary chronic lymphocytic leukemia (CLL) cells has not been investigated. In this report, we demonstrated that JNK activation plays a critical role in the production of apoptosis mediated by PTX in leukemia cells including CLL primary cells, and this event occurs upstream of cytochrome c release, caspase, and poly (ADPribose) polymerase (PARP) cleavage.
MATERIAL AND METHODS

Cell culture and drug treatment
The human monocytic leukemia cell line U937 and CLL primary leukemia cells were isolated from the peripheral blood of a patient with diffuse histocytic lymphoma and a CLL patient, re-spectively, as described elsewhere (Gallagher et al., 1979; Yu et al., 2001) . Cells were maintained as described previously (Yu et al., 2001) . Jurkat T-cell acute leukemia cells were purchased from American Type Culture Collection (Manassas, VA, USA). All cells described above were cultured in RPMI 1640 medium supplemented with sodium pyruvate, minimum essential medium essential vitamins, L-glutamine, penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (Gibco BRL, Grand Island, NY, USA) under a humidified atmosphere and 5% CO 2 at 37ºC. Cells were passaged twice a week and were prepared for experimental procedures when they were in log phase growth. PTX, BOC-D-FMK (BOC), and SP600125 were purchased from Sigma-Aldrich (St. Louis, MO, USA). A stock solution of each drug was made by dissolving each in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and storing at 20°C, avoiding light. Sequential dilutions were made using cell culture medium to prepare the working concentrations and DMSO was adjusted to 0.1% in each dose (0.1% DMSO was used as vehicle control in all experiments). Cells were cultured in T25 flasks with the medium described above. Cells (2 x 10 5 ) were plated as a starting cell number and cells were exposed to either PTX or SP600125 the next day with different doses or time courses as described below. At the given time points, all cells including the floating apoptotic cells were collected and centrifuged at 1000 rpm for 5 min at 4°C on a Beckman Coulter Allegra 6R bench top centrifuge (Beckman Coulter, Fullerton, CA, USA). Cells were then twice washed with ice-cold phosphate-buffered saline (PBS), thus preparing them for analysis. 
JNK-1 knockdown experiment
A JNK-1-specific siRNA (5'-GCAGAAGCAAACGTGACAACA-3') and a negative control siRNA were purchased from Dharmacon-Thermo Scientific (Dharmacon Inc., Chicago, IL, USA). The siRNA transfection procedures were performed according to the manufacturer instructions.
Mitochondrial membrane potential determination
Mitochondrial membrane potential was determined according to Yu et al. (2001) 
Cell apoptosis analysis
Cells were harvested after exposure to drugs at various doses or time points or siRNA transfection. For the apoptosis assay, cells were prepared using an Annexin V-PE apoptosis detection kit I (BD Biosciences Pharmingen, San Diego, CA, USA) according to the manufacturer instruction. Briefly, cells were washed twice with ice-cold PBS and then re-suspended in 1X binding buffer at a concentration of 1 x 10 6 cells/mL. One hundred microliters of cell suspension containing 1 x 10 5 cells was transferred to a 5-mL BD centrifuge tube, and then 5 mL Annexin V-PE and 5 mL 7-AAD solution were added into the tube. Cells were incubated with both reagents for 15 min at room temperature (23°C) in the dark after gentle vortexing. Lastly, 400 mL 1X binding buffer was added to the cells, apoptotic cells were detected on a BD Facscan flow cytometer (Becton Dickinson), and data were analyzed using the WinList SP4 software. Experiments were repeated in triplicate.
Western blotting
Cell lysates were prepared utilizing cell lysis buffer (40 mM phosphate buffer, pH 7.2, 250 mM sodium chloride (NaCl), 50 mM sodium fluoride (NaF), 5 mM EDTA, 1% Triton X-100, and 1% deoxycholate) and a 1% protease and phosphatase inhibitor cocktail was added immediately before use (Sigma-Aldrich). The protein assay was carried out utilizing the Bradford method (Bio-Rad, Hercules, CA, USA) on a Beckman Coulter DU640 spectrophotometer. Western blot analysis was performed using 50 mg protein. Protein was resolved over 10-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to the molecular weight of the individual antibody used in the experiments, and transferred to a polyvinylidene difluoride membrane. The blot was blocked in blocking buffer (5% nonfat dry milk, 10 mM Tris, pH 7.5, 10 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature. Each membrane was then incubated with one of the following antibodies: rabbit anti-procaspase 3, rabbit anti-PARP and anti-cleaved PARP, mouse anti-cleaved PARP, rabbit anti-phospho JNK1/2, rabbit anti-JNK, rabbit anti-phospho-c-Jun, rabbit anti-cleaved caspase 3 (each at 1:1000 dilutions) (Cell Signaling Technology Inc., Danvers, MA, USA), and mouse anti-tubulin (1:5000) (Sigma-Aldrich) monoclonal antibodies; followed by incubation with a goat anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated secondary antibody (KPL, Gaithersburg, MD, USA) at a dilution of 1:5000 at room temperature for 1 h. Protein bands were visualized by the SuperSignal West Pico Chemiluminescent Substrate kit obtained from Pierce (Rockford, IL, USA) and exposed with Kodak X-ray film (Eastman Kodak, Rochester, NY, USA).
Statistical analysis
The apoptotic rates of Jurkat cells treated with different doses of PTX on U937 were analyzed by one-way analysis of variance (ANOVA), and the time course data were analyzed by repeated measures ANOVA. The mean gray value of the western blot bands was collected by the Image J Software, and the relative value to tubulin protein was analyzed by the t-test. The apoptosis of leukemia cells due to pan-caspase inhibitor BOC and JNK inhibitor SP600125 and the cells transfected with JNK-1 siRNA were analyzed by the t-test.
RESULTS
PTX induces apoptosis in leukemia cell lines in dose-and time-dependent manners
Our results indicate that PTX mediated apoptosis in leukemia cells in dose-and time-dependent manners ( Figure 2 ). As seen in Figure 2 , monocytic leukemia U937 cells and Jurkat cells are both sensitive to PTX. In U937 cells, less than 5 nM PTX induced more than 50% of cells to be apoptotic while in Jurkat cells, 10 nM was required ( Figure 2A and B) after 24-h treatment, with significant differences between the control group (P < 0.05). Although both cells are very sensitive to PTX, U937 cells are more sensitive to PTX than Jurkat cells based on Annexin-V staining. Figure  2C shows the time-dependent pattern where PTX induced apoptosis in 50% or more of the cells in less than 18 h and significance was observed as early as 6 h (P < 0.05). 
PTX induces apoptosis via cytosolic cytochrome c release, caspase 3 activation, and PARP cleavage
In this study, our results also showed that leukemia cells exposed to PTX (Figure 3 ) exhibited mitochondria instability ( Figure 3A) . In U937 cells, 20 nM PTX dramatically increased cytochrome c release while at the same time reducing procaspase 3 after 24 h treatment ( Figure  3B ), and the statistical results are shown in Table 1 . All the data are relative values based on the expression of tubulin. Furthermore, the cleaved fragment of PARP was also observed following the same treatment, dose, and time point. The pan-caspase inhibitor BOC blocked PTX-induced procaspase 3 activation and thus inhibited apoptosis ( Figure 3C and D) . The apoptosis rate of the control cells was 1.3 ± 0.04%, with the PTX cells exhibiting a significantly higher rate of 59.8 ± 8.31% (P = 0.013). The BOC cells had an apoptosis rate of 1.4 ± 0.04%, which was similar to the control. The PTX + BOC cells had an apoptosis rate of 8.9 ± 2.9%, which was much less than PTX (P = 0.027). It is notable that PTX also antagonized BOC's inhibitory effect on caspase 3 activation and cytochrome c release ( Figure 3D ), and the concentrations of CysC and procaspase 3 are shown in Table 2 (based on the expression of tubulin) (P < 0.05). Jurkat cells were exposed to 15 nM PTX for various times and mitochondrial potency was measured utilizing flow cytometry (see Methods). B. U937 cells were exposed to PTX at various doses and cytosolic cytochrome c, procaspase 3, and PARP and its cleaved fragment were analyzed by western blot. C. Effect of pan-caspase inhibitor BOC on apoptosis in U937 cells. D. Cells were exposed to 15 nM PTX or 50 µM BOC alone or in combination for 18 h. Apoptosis was analyzed by flow cytometry. Our study showed that in U937 leukemia cells, phospho-JNK1/2 and phosphor-c-Jun were both elevated by PTX after 18-h treatment in a dose-dependent manner, starting at 10 nM, and the effects were more remarkable at 20 nM ( Figure 4A ). The concentrations are shown in Table 3 , with significant differences between PTX = 20 nM and PTX = 0/5/10 nM (based on the expression of tubulin). The pan-caspase inhibitor BOC did not inhibit the JNK phosphorylation effect of PTX ( Figure 4B and Table 4 ) (based on the expression of tubulin). However, our study showed that JNK inhibitor SP600125 decreased the apoptotic induction of PTX in human leukemia cells ( Figure 5A ). In the control cells, the apoptosis rate was 1.1 ± 0.03%, while in PTX cells the apoptosis rate was 57.9 ± 7.22%, which was significantly different (P = 0.019). In SP600125 cells, the apoptosis rate was 1.2 ± 0.02%, which was similar to the control. In the PTX + SP600125 cells, the apoptosis rate was 2.9 ± 0.9%, which was much less than the PTX cells (P = 0.012). PTX (15 nM) induced JNK and caspase 3 activation (procaspase 3 reduced) and c-Jun phosphorylation, and cytochrome c release after 18-h treatment. Nevertheless, SP600125 blocked JNK activation, c-Jun phosphorylation, and the release of cytochrome c from mitochondria and decreased caspase 3 activation ( Figure 5B ). The concentrations are shown in Table 5 .
In addition, cells transfected with JNK-1 siRNA exhibited markedly lowered levels of JNK-1 expression and phosphorylation. Knockdown of JNK-1 largely blocked caspase 3 activation and cytochrome c release (data not shown), as well as apoptosis ( Figure 5C and D) . In control-siRNA cells, the apoptosis rate was 1.2 ± 0.03%, whereas in control-siRNA + PTX, the apoptosis rate was 72.4 ± 11.48%, which was significantly higher than the control-siRNA (P = 0.000). In JNK-1-siRNA cells, the apoptosis rate was 6.1 ± 0.87%, which was similar to the control-siRNA, and in JNK-1-siRNA + PTX, the apoptosis rate was 28.9 ± 9.1%, which was much less than the control-siRNA + PTX cells (P = 0.046; Table 6 ). In patient-derived primary CLL cells, PTX also induced cell apoptosis. The primary CLL cells were more susceptible to PTX in terms of apoptosis than other leukemia cells used in this study. The JNK inhibitor SP600125 inhibited cell apoptosis, and this was partially recovered by PTX. This result is similar to that in the leukemia cell lines described above ( Figure 6A ). In the control cells, the apoptosis rate was 0.9 ± 0.02%, while in PTX cells, the apoptosis rate was significantly greater (39.5 ± 6.34%) (P = 0.034). In SP600125 cells, the apoptosis rate was 4.3 ± 0.78%. In SP + PTX, the apoptosis rate was 11.9 ± 2.1%, significantly less than PTX cells (P = 0.047). Figure 6B shows the effect of PTX and SP600125 on c-Jun phosphorylation and caspase 3 cleavage in primary CLL cells, similar to that of leukemia cell lines mentioned previously (Table 7 ). 
DISCUSSION
To further elucidate the molecular mechanisms underlying PTX-induced apoptosis in leukemia cells, specifically the role of the JNK signaling pathway, we performed the present study focusing first on the dose-and time-dependent effects of PTX treatment on these cells. Second, we observed mitochondrion event changes, cytochrome c release, caspase 3 activation, and PARP cleavage in different leukemia cell lines and primary CLL cells. Lastly, the underlying mechanism of the JNK signaling pathway and its role in PTX-induced apoptosis in the leukemia cells was investigated.
Dose-and time-dependent effects are important to take into account when evaluating the potency of a chemotherapeutic agent. Previous studies have shown that PTX inhibited cell growth in dose-and time-dependent manners in some solid tumor cells (Wang et al., 1999; Park et al., 2004) as well as in some leukemia cells (Huisman et al., 2002) . In this study, our purpose was to further understand whether (in addition to leukemia cell lines) PTX has any effect and if so, its potency on human primary CLL cells. Apoptosis is the fundamental mechanism by which anticancer drugs execute their effect. Our results indicate that PTX mediated apoptosis in leukemia cells in a dose-and time-dependent manner. As seen in the results, monocytic leukemia U937 cells and Jurkat cells are both sensitive to PTX. However, the U937 cells had a more desirable reaction to PTX treatment than Jurkat cells. It is known that different subtypes of certain cancer tumors have clinically different reactions to specific chemotherapeutic agents. Thus, this result further demonstrates the importance of chemotherapeutic agent screening and dose testing both in vitro and in vivo.
Cytochrome c is the carrier of electrons in the mitochondria of cells. Together with the mitochondria, it plays a critical role in apoptosis. The release of cytochrome c from mitochondria into the cytoplasm allows it to associate with Apaf-1 to form the seven-armed apoptosome. This apoptosome complex activates the protein-cutting caspases that begin the heavy work of cell death via apoptosis (Jeffery, 1999; Desagher and Martinou, 2000) . In this study, our results also showed that exposure of leukemia cells to PTX exhibited mitochondria instability, resulting in the release of cytochrome c from mitochondria into the cytoplasm. It is known that cytochrome c is the activator of some apoptosis-related elements in the apoptotic cascade, such as procaspase 3 and PARP. In the leukemia cell lines, 20 nM PTX dramatically increased cytochrome c release while reducing procaspase 3 (caspase 3 activated) remarkably at the same time after 24-h treatment. The same dose and time of PTX treatment led to the cleavage of PARP, thus reducing the DNA repair machinery in the cells. Interestingly, the pan-caspase inhibitor BOC blocked PTX-induced procaspase 3 cleavage thereby diminishing the apoptotic effect induced by PTX. These results suggest that mitochondrial instability leading to the release of cytochrome c, activation of caspase 3, and cleavage of PARP are involved in the apoptotic events induced by PTX in leukemia cells.
JNKs are mitogen-activated protein kinases, which are responsive to stress stimuli such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock, and are involved in T cell differentiation and apoptosis. JNK-1 has been found to regulate Jun protein turnover by phosphoryla-tion and protein ubiquitination. JNK also modifies the activity of numerous proteins that reside at the mitochondria or act in the nucleus by phosphorylation of its target proteins (Vlahopoulos and Zoumpourlis, 2004; Waetzig and Herdegen, 2005) . JNK activation has been shown in PTX-treated solid tumor cells (Lee et al., 1998; Kolomeichuk et al., 2008) . However, the detailed mechanism of JNK in apoptosis procedures remains largely unclear (Shiah et al., 2001; Ohtsuka et al., 2003; Brichese et al., 2004; Wang et al., 2006; Zhang et al., 2006; Small et al., 2007; Selimovic et al., 2008) . Furthermore, studies of JNK's function in PTX-induced apoptosis in leukemia are rare, and only a few have been performed in the past decade (Kang et al., 2000; Yu et al., 2001) . Our study showed that in U937 leukemia cells, exposure to PTX for 18 h resulted in JNK1/2 and c-Jun phosphorylation. These effects were visible at 10 nM and were more remarkable at 20 nM. In the meantime, the level of cytosolic cytochrome c was elevated significantly by PTX. The pan-caspase inhibitor BOC was not able to block PTX's effect on cytochrome c release. Procaspase 3 was decreased (caspase 3 activation) in cells treated with PTX alone while the pan-caspase inhibitor BOC blocked PTX's effect on caspase 3 activation. These results indicate that the apoptosis effect of PTX is caspase-dependent. Furthermore, these results suggest that cytochrome c release and JNK activation are the upstream events of caspase activation via PTX.
Since the activation of JNK1/2 (phosphorylated form) and phospho-c-Jun was observed in our study, we determined whether the JNK-c-Jun signaling pathway is involved and if it could be the key event mediating the effects of PTX on leukemia cells. We utilized the JNK inhibitor SP600125 as well as JNK-1 knockdown by transfection of JNK-1 siRNA SMART pool into U937 cells to investigate the role of JNK activation in this study. Our results showed that SP600125 decreased the apoptotic induction of PTX in human leukemia cells. We observed significant JNK phosphorylation and caspase 3 activation (procaspase 3 reduction), as well as c-Jun phosphorylation and cytochrome c release after 18 h of PTX treatment at 15 nM. However, SP600125 blocked the JNK activation, c-Jun phosphorylation, and the release of cytochrome c from mitochondria and decreased caspase 3 activation. Furthermore, cells transfected with JNK-1 siRNA markedly reduced JNK-1 expression and therefore reduced phospho status as well. Knockdown of JNK-1 blocked caspase 3 activation (procaspase 3 remained unaltered), cytochrome c release (data not shown), and apoptosis. Our results suggested that PTX activated JNK, and the latter further phosphorylated its downstream target c-Jun. It is known that phosphorylated c-Jun enhances its turnover, thus reducing its binding capability to DNA domain in proliferation-related genes as a transcriptional factor, leading to cell apoptosis.
As a potential translational study, we investigated PTX's ability to induce apoptosis in patient-derived primary CLL cells. We found that PTX also significantly induced CLL cell apoptosis. Interestingly, we determined that primary CLL cells were more susceptible to PTX in the event of apoptosis than other leukemia cells used in this study. The JNK inhibitor SP600125 inhibited cell apoptosis and PTX partially recovered apoptosis, as observed in the other leukemia cells. Our results also showed that PTX and the JNK inhibitor SP600125 had similar effects on c-Jun phosphorylation and caspase 3 cleavage in primary CLL cells, as in the leukemia cell lines. These studies could be helpful as a guide in a clinical trial regarding PTX dosing in CLL patients. Our results regarding the mechanism of PTX in the apoptosis induction of leukemia cells can be described by the following: JNK activation and c-Jun phosphorylation→mitochondrial instability and cytochrome c release→PARP cleavage and caspase 3 activation→cell apoptosis.
Taken together, our results demonstrate that PTX induces apoptosis in both patient-derived primary CLL cells and leukemia cell lines in dose-and time-dependent manners. The critical molecular basis of PTX-inducing apoptosis is activation of the JNK cascade, leading to mitochon-
